Brain injury sustained during the neonatal period may disrupt development of critical structural and functional connectivity networks leading to subsequent neurodevelopmental impairment in affected children. These networks can be characterized using structural (via diffusion MRI) and functional (via resting state-functional MRI) neuroimaging techniques. Advances in neuroimaging have led to expanded application of these approaches to study term-and prematurely-born infants, providing improved understanding of cerebral development and the deleterious effects of early brain injury. Across both modalities, neuroimaging data are conducive to analyses ranging from characterization of individual white matter tracts and/or resting state networks through advanced 'connectome-style' approaches capable of identifying highly connected network hubs and investigating metrics of network topology such as modularity and small-worldness. We begin this review by summarizing the literature detailing structural and functional connectivity findings in healthy term and preterm infants without brain injury during the postnatal period, including discussion of early connectome development. We then detail common forms of brain injury in term-and prematurely-born infants. In this context, we next review the emerging body of literature detailing studies employing diffusion MRI, resting state-functional MRI and other complementary neuroimaging modalities to characterize structural and functional connectivity development in infants with brain injury. We conclude by reviewing technical challenges associated with neonatal neuroimaging, highlighting those most relevant to studying infants with brain injury and emphasizing the need for further targeted study in this high-risk population.
1. Introduction
Manuscript overview
Brain "connectivity" can be viewed at different scales (Sporns et al., 2005) . At a microscopic scale, it involves evaluating single neurons and their connections by recording electrical activity and/or using histologic methods. At the mesoscopic scale, it refers to connection patterns among elementary processing units, corresponding to local populations of neurons such as cortical minicolumns. Finally, at the macroscopic scale, it refers to functional subdivisions of cortex (e.g. primary motor cortex) composed of elementary processing units. For the purposes of this review, connectivity will be described at a macroscopic scale, focusing on two complementary MRI methods, diffusion tractography and functional MRI (Hagmann et al., 2010a,b) . Diffusion tractography provides structural information, tracing physical connections between brain regions by following white matter tracts from region to region. Functional MRI, in contrast, identifies cortical areas demonstrating synchronous changes in local blood oxygenation levels, indicating these regions have linked neuronal activity. As detailed herein, the application of these Abbreviations: dMRI, diffusion MRI; rs-fMRI, resting state functional connectivity MRI; BOLD, blood oxygen level dependent; RSN, resting state network; PMA, postmenstrual age; PVL, periventricular leukomalacia; DEHSI, diffuse excessive high signal intensity; IVH, intraventricular hemorrhage; VPT, very preterm; PHVD, post-hemorrhagic ventricular dilatation; PHH, post-hemorrhagic hydrocephalus; HIE, hypoxic-ischemic encephalopathy; MEG, magnetoencephalography; EEG, electroencephalography; fNIRS, functional near infrared spectroscopy; DOT, diffuse optical tomography; NICU, neonatal intensive care unit; RF, radiofrequency; SNR, signal-to-noise ratio; TE, echo time; TR, repetition time.
state-of-the-art methods to study infants has improved our comprehension of brain development on two levels. The first is by advancing our understanding of typical brain development from a neuroscience perspective, providing unique insights into early cortical and subcortical gray and white matter development and the emergence of structural and functional connectivity. The second is by better characterizing the deleterious effects of common forms of injury on early brain development, linking local and widespread alterations previously defined through histology and cytopathology with changes in cerebral connectivity now readily identifiable through multimodal neuroimaging.
In this context, we begin this review by providing overviews of the neuroimaging modalities used to study structural and functional connectivity, including a description of connectome-based methods and terminology. Next, we summarize the literature detailing structural and functional connectivity findings in healthy, term-born infants and prematurely-born infants without brain injury on T 1 -and T 2 -weighted imaging, including discussion of early development of the structural and functional connectome. We then detail forms of brain injury common in this population, including periventricular leukomalacia, intraventricular hemorrhage and post-hemorrhagic hydrocephalus in prematurely-born infants and hypoxic-ischemic brain injury in term-born infants. Using these data to provide a framework, we then discuss the emerging body of literature detailing results from studies employing diffusion MRI (dMRI), resting state functional connectivity MRI (rs-fMRI) and other complementary neuroimaging modalities to study structural and functional connectivity in infants with these common forms of brain injury. We conclude by reviewing technical issues important for neonatal dMRI and rs-fMRI investigations, including highlighting issues directly relevant to studying infants with brain injury.
Structural connectivity
A wealth of information regarding structural connectivity is available through dMRI. Diffusion data are obtained by measuring water diffusion along multiple axes to obtain a three-dimensional mathematical representation of water displacements for each voxel in an image. These displacements are affected by a variety of factors in addition to Brownian thermal motion, including facilitation by active transport and hindrance by the presence of cell membranes. In recognition of the factors influencing water displacements in tissue, tissue water diffusion is referred to as "apparent" diffusion, though we will simply use "diffusion" in the discussion to follow. A number of parameters related to tissue water diffusion can be calculated (Neil, 2008) . The most commonly used clinically is the directionally averaged water diffusion coefficient. This parameter decreases within minutes of a brain injury, and images in which contrast is based on diffusion coefficients are useful for early detection of brain injury in the clinical setting. A second parameter available from dMRI is diffusion anisotropy. Anisotropy is a numerical value representing the degree to which water diffusion varies directionally. In ventricular spinal fluid, for example, water diffusion values are equivalent in all directions, and anisotropy values are essentially zero. In white matter, in contrast, water diffusion values are greater parallel to axons than orthogonal to them because water movement orthogonal to axons is hindered by the lipid membranes of myelin. In this case, anisotropy values are high.
The fact that water displacements are greatest parallel to axons in white matter can be used to identify the orientation of white matter fibers in a given voxel. By following this orientation from voxel to voxel, it is possible to follow fiber tracts through the brain, an approach known as streamline tractography (O'Donnell and Westin, 2011) . A more sophisticated tractography approach, known as probabilistic tractography, provides an explicit representation of uncertainty in path direction and an estimate of the relative probabilities of directions. Using this method, a pathway can continue even if the probability is low for any single direction. A second useful advantage of a probabilistic algorithm is resistance to noise. It can be difficult to track beyond a noisy voxel using a non-probabilistic algorithm, as it may initiate a meaningless change in path. With a probabilistic algorithm, however, paths that have taken errant routes tend to disperse quickly, so that voxels along these paths are classified with low probability. In contrast, true paths tend to group together, giving a higher probability of connection for voxels on these paths (Behrens et al., 2003) . Thus, the probabilistic approach may be more effective for evaluating neonates, for whom anisotropy values typically are low.
Of note, the term "connectivity" has been used a number of ways in the diffusion literature. For example, it has been applied to studies in which tractography is used to identify white matter regions of interest from which diffusion parameters, such as diffusivity and anisotropy, are extracted for analysis. It has also been applied to tract-based spatial statistics studies in which the white matter of the entire brain is identified and the associated diffusion parameters are used for voxel-wise statistical analyses (Smith et al., 2006) . While these approaches are valid and useful (Anderson et al., 2015; Counsell et al., 2014; Massaro, 2015; van Kooij et al., 2012) , we focus the dMRI portion of this manuscript on the emerging body of work on structural connectivity in which tractography is employed to derive whole brain networks which are analyzed using a graph theory approach, in keeping with the idea of a "structural connectome."
Functional connectivity
The second method included in this review is rs-fMRI, which is used to study functional connectivity. rs-fMRI is based upon detecting temporal correlations in infra-slow frequency (<0.1 Hz) fluctuations in blood oxygen level dependent (BOLD) signal that occur during quiet rest (Biswal et al., 1995; Fox et al., 2005; Lowe et al., 1998) . These data are used to identify brain regions which demonstrate synchronous, spontaneous neuronal activity and are members of the same resting state network (RSN) Smith et al., 2009 ). These networks may involve both cortical and subcortical gray matter regions. They are also consistent with networks identified in activation studies (i.e., employing positron emission tomography or task-based functional MRI) in that they are often composed of regions that are co-activated by a specific task. The architecture of these RSNs and their interrelationships have been well-characterized in adults and older pediatric populations (Buckner et al., 2009; Smith et al., 2009 ) and have also been increasingly established in healthy, term-born infants and neonatal clinical populations of interest (Doria et al., 2010; Fransson et al., 2011; Fransson et al., 2009; Fransson et al., 2007; Gao et al., 2015; Gao et al., 2013a,b; Lin et al., 2008; Dosenbach et al., 2011; Smyser et al., 2010; Smyser et al., 2013; Smyser et al., 2016b) .
In many ways, rs-fMRI is well-suited to study neonatal populations due to its acquisition and analysis methods (Smyser and Neil, 2015) . From a single, high-quality data set acquired in minutes, global functional connectivity properties can be investigated. Data can be collected from subjects resting quietly, asleep and/or under anesthesia without the requirement of performing a task or attending to a stimulus. Increasing use of rs-fMRI has provided new insights into neurodevelopment, the effects of brain injury and the neurobiological basis of disease, with recent literature demonstrating aberrant functional connectivity patterns underlying common pediatric disorders (Church et al., 2009; Posner et al., 2014; Redcay et al., 2013) . As with dMRI, these data are conducive to analyses ranging from straightforward study focused upon within-network measures to more advanced mathematical approaches such as graph theoretical methods and multivariate pattern analysis. The rs-fMRI portion of this manuscript focuses upon studies which, by their nature, include a number of different networks comprising a "functional connectome." Importantly, the information provided by rs-fMRI complements that available through other commonly used neuroimaging modalities, including task-based fMRI and dMRI. While tractography provides information on physical connectivity, rs-fMRI identifies areas that are functionally linked, though not necessarily via a monosynaptic pathway, as functional connections may exist between regions with no direct structural connection due to polysynaptic connections. Interestingly, rsfMRI connectivity measures also show variability within and across scanning sessions (i.e., non-stationarity) (Abrol et al., 2017) . Thus, while rs-fMRI results correlate with tractography patterns in general, the relationship between structural and functional connectivity is complex (Honey et al., 2009 ).
Brain connectome
A brain connectome can be represented as a network of interrelations between pairwise ensembles of neuronal elements (nodes), where the associations consist of connections (links) formed by white matter tracts (e.g., a structural connectome derived from dMRI data) or functional associations (e.g., a functional connectome derived from rs-fMRI data). Nodes should ideally represent brain regions with coherent patterns of extrinsic anatomical or functional connections. They should not include heterogeneously connected brain regions, nor should they overlap one another. Links can be considered binary (i.e., present or absent) or weighted (e.g., by the anisotropy of an anatomic tract or the correlation coefficient of a functional connection).
Structural and functional connectivity data conceptualized in this manner lend themselves to graph theory analysis, from which summary parameters can be derived to characterize and quantify aberrant patterns of communication associated with brain injury (Fig. 1) (Fischi-Gomez et al., 2016; Griffa et al., 2013; Rubinov and Sporns, 2010; Vertes and Bullmore, 2015) . Several of the more commonly used parameters are outlined in Table 1 . Notably, network integration reflects the ability of the brain to incorporate information across disparate brain regions (Rubinov and Sporns, 2010) . Common examples of network integration measures include global and local efficiency, which quantify the capacity of a brain (or a set of brain regions) to integrate and communicate information. Further, specific regions of the brain which play a particularly central role to communication among brain regions can be thought of as 'hubs'. These hubs can be characterized as belonging to a 'rich club' (Zhou and Mondragon, 2004) , which serves as a backbone for efficient communication within the brain and may be particularly vulnerable to Fig. 1 . Brain connectomes can be analyzed using graph theoretical methods. A) Functional connectivity can be assessed by correlating the BOLD signal between regions of the brain. B) A matrix depicting BOLD correlations between all pairs of brain regions forms the functional connectome. C) Measures of network segregation include modularity and clustering coefficients, which can be used to delineate regions of the brain into functionally distinct brain networks. Metrics of network integration, including node connectedness (orange lines) and measures based on shortest path length between regions (red lines), can be used to characterize communication within and between networks of the brain. Nodes that play a central function in communicating information across networks can be characterized as hubs (black circles) and may belong to a 'rich club' (dashed line). Due to their importance in network communication, injury to hub regions may result in poorer clinical outcomes than that in brain regions less central to communication across regions (Rubinov and Sporns, 2010) . The number of connections that exist between the nearest neighbors of a node as a proportion of the maximum number of possible connections
Reflects the presence of highly interconnected groups of nodes
Betweenness centrality
The fraction of all shortest paths in the network that pass through a given node
Nodes with high betweenness centrality participate in many short paths within a network and act as important controls of information flow Network topology Hubs Nodes with high degree Hubs play a key role in network's resilience to insult Small-world networks Networks that are significantly more clustered than random networks, yet have approximately the same characteristic path length as random networks. They combine the presence of functionally specialized (segregated) modules with a robust number of intermodular (integrating) links.
These networks maximize information processing while minimizing wiring costs, support segregated and integrated information processing and present resilience against pathology
Modularity
Quantifies the ease with which a whole-brain network can be divided into distinct subnetworks Networks with high modularity have dense connections between nodes within modules but sparse connections between nodes in different modules Rich-club index
The extent to which well-connected nodes also connect to each other High rich-club index implies the hubs are well connected and global connectivity is resilient to any one hub being removed a Adapted from (Rubinov and Sporns, 2010) and (Fischi-Gomez et al., 2016).
disruptions in neurodevelopmental disorders (Rubinov and Sporns, 2010; van den Heuvel and Sporns, 2011) . In contrast, network segregation reflects the potential for specialized processing within densely interconnected groups of brain regions. Measures of network segregation, such as clustering coefficient and modularity, have been used to estimate networks of the brain which purportedly reflect functionally distinct cognitive processes (Watts and Strogatz, 1998) . Finally, brain networks which are both highly segregated and integrated can be considered to have 'small-world' organization (Rubinov and Sporns, 2010) .
Structural and functional connectivity in healthy infants
Increasing numbers of investigations have applied dMRI and rs-fMRI to study infants, beginning during the neonatal period and extending through the first two years of life (Alcauter et al., 2013; Ball et al., 2014; Brown et al., 2014; Damaraju et al., 2014; Damaraju et al., 2010; Doria et al., 2010; Fransson et al., 2011; Fransson et al., 2009; Gao et al., 2009; Lee et al., 2012; Lin et al., 2008; Perani et al., 2011; Smyser et al., 2010; Smyser et al., 2013; Smyser et al., 2014; Song et al., 2017; van den Heuvel et al., 2015; Vertes and Bullmore, 2015) . These inquiries have included healthy, term-born infants and neonatal clinical populations of interest, with acquisition and analysis techniques differing across institutions. Despite this variance in study populations and approaches to assessment of connectivity, consistent patterns have emerged. Subsequently, these data have provided invaluable information regarding the complex interplay of early structural and functional cerebral development and provide a foundation for expanded investigation applying dMRI and rs-fMRI to infants with cerebral injury.
Maturation of structural connectivity
At the simplest level, the maturation of structural connectivity can be seen as maturation of brain systems. It has long been known that primary motor and sensory cortex develops earlier than association cortical areas (Sidman and Rakic, 1982) . This is reflected in conventional MR imaging, as the changes in intensity on T 1 -and T 2 -weighted imaging associated with myelination are evident first in corticospinal tracts and the thalamostriate pathways of the visual system. Differential white matter maturation is also detectable by dMRI, with anisotropy values increasing earlier (reflecting earlier myelination) in tracts connecting primary motor and sensory cortex when compared with those connecting association areas. In an investigation of the rates of change in cortical anisotropy and associated white matter tracts during the neonatal period, early declines in cortical anisotropy were matched by increases in adjoining white matter anisotropy, indicative of earlier myelination and maturing structural connectivity in these regions (Smyser et al., 2016c) .
At a network level, there is evidence that maturation of structural connectivity networks is associated with a change from local, proximity-based connectivity patterns to a more integrated topology supportive of higher cognitive function (Vertes and Bullmore, 2015) . As with functional connectivity, structural networks are detectable early in gestation. In an investigation of fetuses studied at 20 weeks' gestation, preterm infants studied at 35 weeks' postmenstrual age (PMA) and term-born infants, small-world network organization was prominent as early as 20 weeks' gestation. During the period from 20 to 40 weeks, network strength and global efficiency increased overall, but more rapidly from 20 to 35 weeks' than from 35 to 40 weeks' PMA, an observation linked to an increase in major long association white matter fibers (Song et al., 2017) . Similarly, a modular architecture of interconnected hubs has been identified in preterm infants as early as 30 weeks' PMA van den Heuvel et al., 2015) . From this age through term equivalent, the principal development was a proliferation of connections between core hubs and the remainder of the brain, providing improved efficiency and integration capacity (van den Heuvel and Sporns, 2013) . In another study of prematurely-born infants without injury on conventional MRI and normal developmental outcomes at age 18 months, brain networks showed high efficiency and clustering measures across a range of network scales, with the structural connectome becoming more clustered from 27 to 42 weeks' PMA, leading to a significant increase in its small-world structure . Thus, as demonstrated across these investigations, much of the structural network architecture required for normal brain function appears to be present by the time of normal birth, though not necessarily in mature form. Importantly, improvements in measures of integration, including global and local efficiency, have been shown to continue from infancy through the first two years of life and into childhood and adolescence (Khundrakpam et al., 2013) . Subsequently, it has been suggested that dynamic changes in structural connectome organization over the lifespan follow an inverted U-shaped pattern, with an increasingly integrated topology during early development (Hagmann et al., 2010a,b; Yap et al., 2011) , followed by a plateau lasting for the majority of adulthood, with an increasingly localized topology in late life (Collin & van den Heuvel, 2013) .
Maturation of functional connectivity
Across rs-fMRI investigations, multiple canonical RSNs incorporating cortical and subcortical gray matter regions and the cerebellum have been identified during infancy. These include RSNs located in primary motor and sensory cortices (e.g., somatomotor, visual, auditory networks) and those involving association cortices (e.g., default mode, frontoparietal control, dorsal attention networks). Through investigations of preterm infants and complemented by information available from fetal fMRI investigations, early forms of these networks are identifiable as early as 26 weeks' PMA (Blazejewska et al., 2017; Jakab et al., 2014; Schopf et al., 2014; Thomason et al., 2014 Thomason et al., , 2015 Thomason et al., , 2017 . Many networks initially consist of strong interhemispheric correlations between homotopic counterparts, with intrahemispheric correlations quantifiably weaker. Early thalamocortical connectivity is also evident Doria et al., 2010; Smyser et al., 2010) . The topology of these networks is consistent with results obtained in adult and older pediatric populations, though the relationship of findings between age groups differs based upon network. These similarities (and differences) have been consistently identified across multiple reports, with varied terminology (e.g., 'immature', 'precursor', 'proto') used to describe differences between infant and adult populations (Doria et al., 2010; Fransson et al., 2007 Fransson et al., , 2009 Smyser et al., 2010) .
The rate at which correlations within and between RSNs develop differs by network (Doria et al., 2010; Gao et al., 2014a,b; Smyser et al., 2010; Smyser et al., 2014) . It is assumed that early RSN development is dependent upon effective establishment of structural connectivity (Mrzljak et al., 1992; Petanjek et al., 2008; Petanjek et al., 2011) , and recent reports have suggested RSN development closely reflects known rates of cortical development based upon histology (Gao et al., 2014a,b; Smyser et al., 2014) . Networks located in cortical regions known to mature early and incorporating primary sensory and motor regions are established by term. These networks demonstrate less variability between subjects (Gao et al., 2014a,b) and are potentially less susceptible to pathology (Smyser et al., 2014) . In contrast, higher-order RSNs, such as the default mode network, are quantifiably weaker or topographically incomplete at term (Doria et al., 2010; Fransson et al., 2007 Fransson et al., , 2009 Smyser et al., 2010) . These networks mature non-linearly over the first years of life and are centered in association cortices known to mature later, demonstrating greater intersubject variability in spatial and temporal patterns. Relationships between RSNs gradually evolve, with correlation between RSN pairs also assuming adult-like patterns during the first years of life (Gao et al., 2014a,b; Gao et al., 2013a,b) .
These patterns of network development are also reflected across neonatal rs-fMRI investigations using graph theoretical methods. Similar to dMRI findings, small-world network organization has been identified at birth, with RSNs demonstrating increasing local and global efficiency through the first two years of life (Gao et al., 2011) . In addition, RSNs identified using modularity and community detection algorithms suggest these networks may exist as fragmented forms of adult networks at younger ages (Eggebrecht et al., 2017) , and that homotopic and anterior-posterior connectivity between these proto-networks increase with advancing age (Grayson and Fair, 2017) . Further, these studies have identified hubs in primary motor and sensory cortices in term neonates, likely reflecting the relative maturity of these primary cortical regions. Other hub candidates located in higher-order association cortices in the frontal and parietal lobes have been less consistently identified at birth (Fransson et al., 2011; Mevel and Fransson, 2016; van den Heuvel and Sporns, 2013) . This combination suggests early RSN development may demonstrate network-specific susceptibility to brain injury and/or disruption of key structural processes during critical developmental periods.
Common forms of brain injury in infants
3.1. Brain injury in preterm infants 3.1.1. Periventricular leukomalacia
The hallmark of brain injury in preterm infants is white matter injury, or periventricular leukomalacia (PVL). PVL consists of two distinct components: focal necrosis, with loss of all cellular elements dorsal and lateral to the lateral ventricles, and diffuse injury involving preoligodendrocytes and marked by astrogliosis and microgliosis (Volpe, Kinney, Jensen and Rosenberg, 2011) . The most severe form, cystic PVL, involves focal macroscopic necroses, often several millimeters in size, which evolve to tissue dissolution and cysts over weeks ( Fig. 2A) . Cystic PVL is now uncommon, with an incidence of~5%. A moderate form, noncystic PVL, involves focal necrotic lesions 1-2 mm in size which, on tissue dissolution, evolve not to cysts but rather focal glial scars, visible as punctate areas of increased signal intensity on T 1 -weighted images. This form occurs in~25% of preterm infants. The least severe form involves a focal necrotic component less than 1 mm in size not visible on structural MRI. All three subtypes include astrogliosis/microgliosis, and, after the initial pre-oligodendrocyte cell death, an excess of oligodendroglial progenitors. Diffuse white matter gliosis without focal necroses has also been described (Martinez-Biarge et al., 2011; Volpe, 2017) . This may appear as diffuse excessive high signal intensity (DEHSI) on conventional MRI (Counsell et al., 2003 (Counsell et al., , 2006 Hart et al., 2010; Kidokoro et al., 2011) and manifest as diffusion anisotropy abnormalities (Huppi et al., 2001) . The most common neurologic disorder associated with PVL is spastic diplegia, however, a myriad of other deficits, often emerging later in life and involving cognition, are also found in affected children. These may be a consequence of white matter injury or associated effects on gray matter (Anderson et al., 2017) .
Intraventricular hemorrhage
Intraventricular hemorrhage (IVH) is the second predominant form of preterm brain injury. Occurring in up to 23% of very preterm infants (VPT; born at 32 weeks gestation), IVH results from a confluence of intravascular, vascular and extravascular factors (Volpe, 2001 (Volpe, , 2009 . IVH typically occurs in the first 72 h of life, with infants born earliest at greatest risk (Stoll et al., 2015) . IVH occurs following initial bleeding from endothelial-lined vessels into the immature subependymal germinal matrix, with extension into the ventricular system in approximately 80% of cases. IVH is categorized into one of four grades based upon hemorrhage location and severity (Papile et al., 1978; Volpe, 2001) . Approximately 15% of infants develop a related parenchymal lesion resulting from hemorrhagic venous infarction adjacent to the lateral ventricle (i.e., grade IV IVH; Fig. 2B ). These lesions are typically unilateral (Bassan et al., 2006a,b) . Infants with high-grade IVH (i.e., grade III/IV) develop neurodevelopmental disability in greater than 50% of cases, with effects across motor, cognitive, language and social domains (Adams-Chapman et al, 2008a,b; Ancel et al., 2006; McCrea and Ment, 2008) .
Post-hemorrhagic ventricular dilatation
Post-hemorrhagic ventricular dilatation (PHVD) occurs in up to 50% of infants who develop IVH, and now represents the most common cause of pediatric hydrocephalus in North America (Fig. 2C) (Christian et al., 2016) . Typically occurring in the first one to three weeks after IVH, PHVD results from impaired CSF absorption by the arachnoid villi and/or impaired drainage due to cerebral aqueduct obstruction (Volpe, 2001) . Infants requiring neurosurgical intervention for PHVD have post-hemorrhagic hydrocephalus (PHH) and often undergo temporizing and permanent procedures designed to decompress the ventricular system and relieve related cerebral ischemia (Volpe, 2001) . The outcomes of infants with PHH are among the worst in newborn medicine, with cognitive deficits in >85% and cerebral palsy in 70% of affected infants (Adams-Chapman et al, 2008a,b) . PHH often requires complex, lifelong neurosurgical care and frequent neurosurgical revision surgery (Limbrick et al., 2010; Murphy et al., 2002; Vassilyadi et al., 2009 ).
Brain injury in term infants

Hypoxic-ischemic encephalopathy (HIE)
The forms of brain injury typically sustained by term-born infants differ from those of preterm infants, likely as a consequence of variation in regional tissue vulnerability related to brain maturation. The two most common forms of injury are deep nuclear gray matter injury and watershed injury (Fig. 2D-E) (Barkovich et al., 1998; Shalak and Perlman, 2004 ). Deep nuclear gray matter injury involves the thalamus and basal ganglia, sometimes extending superiorly to include corticospinal tracts and perirolandic cortex and inferiorly to the brainstem. It occurs in 25-80% of cases of HIE and is often associated with severe insult of prolonged duration or a combined partial with profound terminal insult (e.g., placental abruption or uterine rupture) (Neonatal Encephalopathy and Neurologic Outcome, 2014). These infants demonstrate hypotonia 
Relationship between injury and connectivity
Despite the increasingly established body of literature detailing normative patterns of early structural and functional connectivity, much less is known regarding the impact of brain injury on early structural and functional connectivity development. As term and preterm infants commonly demonstrate distinct patterns of injury,studies seeking to establish these effects have been population specific. However, only limited investigation has been performed to date using dMRI and rs-fMRI to characterize structural and functional connectivity in term-and prematurely-born infants with cerebral injury identified on conventional MRI. As outlined below, these investigations have delineated the deleterious effects of forms of brain injury common in these populations. Nevertheless, consistent patterns have emerged, suggesting interrelated local and brain-wide effects of brain injury on structural and functional connectivity development, dependent on injury type, spatial pattern, location and severity (Figs. 3-4) .
When evaluating the effects of injury on outcome based on conventional imaging (T 1 -and T 2 -weighted images), structural injury to brain regions of well-defined function and clear input/output pathways show the strongest correlations with outcome. Using preterm birth as an example, PVL includes injury to the motor fibers projecting to the lower extremities and is associated with leg spasticity (spastic diplegia). Similarly, interruption of the geniculostriate pathway and/ or injury to primary visual cortex is associated with cortical visual impairment (Volpe, 2001) . However, this is less the case for higher-order cognitive functions involving more distributed brain networks. For example, executive function disorders, common in preterm children, are often associated with widespread, subtle abnormalities of white and gray matter rather than focal lesions (Anderson et al., 2017; Boardman et al., 2010) . As such, neurodevelopmental outcomes in these domains may be better predicted with 'connectome-type' analyses that include measures of segregation and integration (Fischi-Gomez et al., 2016) . However, as noted in (Fischi-Gomez et al., 2016) , a direct link between altered integrative pattern and cognitive task performance has not yet been demonstrated.
Structural connectivity in infants with brain injury
Effects of prematurity
A small number of studies have shown disruption in connectivity (using a network-based approach) in preterm infants at term equivalent age. Research suggests that preterm infants have significant disruptions Fig. 3 . Effect of brain injury on structural connectivity in prematurely-born infants. Anterior and lateral views of the bilateral corticospinal tracts identified using diffusion tensor tractography in representative individual very preterm infants scanned at term equivalent postmenstrual age with A) grade IV intraventricular hemorrhage (note the asymmetry in tract volume between injured and uninjured hemispheres), B) post-hemorrhagic hydrocephalus and C) cystic periventricular leukomalacia. Results from D) an uninjured very preterm infant and E) a healthy, term-born infant are provided for comparison. Note the differences in effects on tract development across different forms of brain injury common in this clinical population. Fig. 4 . Effect of brain injury on functional connectivity in prematurely-born infants. Transverse views of the motor resting state network identified using resting state-functional MRI in representative, individual very preterm infants scanned at term equivalent postmenstrual age with A) grade IV intraventricular hemorrhage (note the asymmetric effect dependent upon hemisphere of injury), B) post-hemorrhagic hydrocephalus and C) cystic periventricular leukomalacia. Results from D) an uninjured very preterm infant and E) a healthy, term-born infant are provided for comparison. Note the differences in effects on resting state network development across each form of brain injury common in this clinical population.
in both cortical-subcortical and short-distance cortico-cortical connections Pandit et al., 2014) . However, rich-club organization in preterm infants remains intact, suggesting a fundamental white matter framework is in place early in gestational development . Despite this, preterm infants demonstrate reduced clustering coefficient, modularity, and small-world index measures compared to term-born children (Tymofiyeva et al., 2013) . In a study of 65 infants who underwent MRI between 25 and 45 weeks' PMA, a core of key connections was not affected by gestational age at birth. However, local connectivity involving thalamus, cerebellum, superior frontal lobe, cingulate gyrus and short-range cortico-cortical connections varied with gestational age and contributed to altered global topology of structural brain networks. The authors concluded this relative preservation of core connections at the expense of local connections supports more effective use of impaired white matter reserve following preterm birth (Batalle et al., 2017) .
Findings in older children and adults are consistent with those from infants, further extending our understanding of the effects of preterm birth. In a study of the small-world attributes and rich club organization of 147 preadolescent children whose gestational age ranged from 29 to 42 weeks, higher network efficiency was positively associated with longer gestation. Longer gestation was also correlated with increased local efficiency in the posterior medial cortex, including the precuneus, cuneus and superior parietal regions. Rich club organization was present, and connectivity among rich club members and from rich club regions was positively associated with gestational age (Kim et al., 2014) . Further, in a study of 61 preterm children imaged at age six years, average network node degree and strength were reduced in preterm children. In addition, the decomposition of the brain networks into an optimal set of clusters remained substantially different in preterm children, indicating an altered network community structure. Nevertheless, typical small-world, rich-club and modularity characteristics were maintained. As above, these results suggest brain reorganization in preterm infants prioritizes a tight modular structure, thereby maintaining small-world, rich-club and modularity characteristics (Fischi-Gomez et al., 2016) . Finally, in a study of rich-club organization and modularity in 51 VPT adults, establishment of global connectivity patterns appeared to be prioritized over peripheral connectivity. The preterm subjects exhibited stronger rich-club architecture than the control subjects, despite possessing a relative paucity of white matter resources. Using a simulated lesion approach, the authors investigated whether putative structural reorganization takes place in the preterm brain in order to compensate for its anatomical constraints. They found connections between the basal ganglia and frontal regions, as well as between subcortical regions, assumed an altered role in the structural connectivity of the VPT brain (Karolis et al., 2016) . Overall, many of the alterations in structural networks detectable during the neonatal period persist into adulthood.
Periventricular leukomalacia
There has been a single study of network characteristics of prematurely-born children with PVL (Table 2) . Reorganization of frontal-striatal and frontal-limbic pathways was detected in a study of 16 preterm children with PVL and cerebral palsy in comparison to 75 healthy controls imaged during childhood (Ceschin et al., 2015) . There were also abnormalities of the posterior portions of visual-related white matter tracts, corresponding to reduced areas of nodal efficiency in the parietal-occipital regions. With regards to small-world architecture, preterm infants with PVL showed a tendency towards less short-range connectivity as well as differences in the number and spatial localization of long-range connections in the frontal, temporal and subcortical areas. Long-range connections appeared more numerous and clustered in the preterm cerebral palsy group in these regions compared with the parietal-occipital region. In contrast, long-range connections were more uniformly distributed in the term-born group. Further, nodal efficiency was reduced. Overall, these findings suggest a selective parietal-occipital regional vulnerability to injury in PVL.
Hypoxic-ischemic encephalopathy
Studies reporting changes in the structural connectome in association with brain injury in the context of neonatal encephalopathy are also limited (Table 2 ). In a proof-of-principle study of 17 infants with perinatal HIE who were imaged during the newborn period, a trend toward declining global brain network integration and segregation was associated with increasing neuromotor deficit scores at age six months, thereby suggesting a connection between network structure and outcome in this population (Tymofiyeva et al., 2012) .
Functional connectivity in infants with brain injury 4.2.1. Effects of prematurity
Driven by the deleterious effects of prematurity on cerebral development identified using other neuroimaging modalities Inder et al., 2005) , many studies have focused upon the effects of preterm birth on RSN development. Early reports demonstrated similar RSN topography between term and VPT infants scanned at term equivalent PMA (Doria et al., 2010; Fransson et al., 2007; Smyser et al., 2010) . However, quantitative measures have demonstrated network-specific differences in intrinsic brain activity between these populations Smyser et al., 2016a; Smyser et al., 2010; Smyser et al., 2014) . Consistent with structural connectivity studies, prematurity leads to RSN-specific reductions in network magnitude (i.e., correlation coefficients of BOLD signal amplitude fluctuations within a given network) and complexity. These differences are also evident when performing comparisons using advanced mathematical techniques, such as graph theoretical analysis and dimensionality estimation, with these techniques demonstrating greater sensitivity than other methods for delineating individual and group differences within and between RSNs Cao et al., 2017; Smyser et al., 2016a) . These disruptions persist into early childhood (Damaraju et al., 2010) , adolescence (Constable et al., 2013; Myers et al., 2010) and early adulthood (White et al., 2014) . However, their long-term effects on neurodevelopmental outcomes remains incompletely investigated.
Intraventricular hemorrhage and periventricular leukomalacia
In preterm infants, the effects of common forms of white matter injury on RSN development have been characterized across a limited number of targeted investigations (Table 3) . Our group studied a cohort of 14 VPT infants with moderate-severe periventricular hemorrhagic infarction at term equivalent age (Smyser et al., 2013) . Canonical RSNs with bilateral connectivity were identifiable in each subject, however network architecture was affected in a manner dependent upon injury severity and location (Fig. 4A ). Reductions were most prominent in regions adjacent to the injury site and in infants with more severe injury. Infants with IVH and PHH demonstrated the most prominent effects (Fig. 4B) . Further, results in these infants differed from those obtained from local matched cohorts which included VPT infants without brain injury and healthy, term-born infants ( Fig. 4D-E) . Interestingly, in some cases infants with PHH can demonstrate increases in structural and functional connectivity measures across studies performed in the week immediately before and after ventriculoperitoneal shunt placement (Fig. 5) . We have also demonstrated that cystic PVL impacts RSN development. Similar to infants with high-grade IVH, RSNs were identifiable in 11 infants with PVL studied at term equivalent age, though these networks demonstrated reduced within network connectivity with effects modulated by injury severity (Fig. 4C) . In contrast, connectivity strength within motor, visual, and auditory networks was similar between infants with Fig. 5 . Effect of neurosurgical intervention on structural and functional connectivity in an infant with post-hemorrhagic hydrocephalus. A) Axial T 2 -weighted images demonstrating post-hemorrhagic hydrocephalus in the same prematurely-born infant during the week before and after ventriculoperitoneal shunt placement. Cerebrospinal fluid appears bright in these images. B) Motor resting state networks before and after shunt placement. Note the increase in interhemispheric connectivity in post-operative compared to preoperative results. C) Diffusion tensor tractography showing corticospinal tracts for the same subject. Note the asymmetry between the more injured and less injured hemispheres. and without white matter injury. Most recently, utilizing methods previously applied in older infants and toddlers (Eggebrecht et al., 2017) , we have investigated the effects of high-grade white matter injury on brain-wide RSN architecture (i.e., the functional connectome). These individual subject results demonstrate brain-wide effects of cerebral injury, with aberrant topology of canonical RSNs and reduced interhemispheric connectivity (Fig. 6) .
In addition, Arichi and colleagues studied three prematurely-born infants with unilateral periventricular hemorrhagic infarctions using DTI tractography and task-based and rs-fMRI at term equivalent age . This investigation demonstrated marked asymmetry in corticospinal tracts on DTI tractography, with aberrant diffusion measures in the injured hemisphere. On rs-fMRI, interhemispheric connectivity in the motor RSN was predominantly preserved despite pathology, with effects local to the injury manifest as reduced connectivity between the motor and supplementary motor cortices. For task fMRI, positive BOLD responses were seen contralateral to the side of passive motor task, though in one infant the response was only seen in the injured hemisphere. More recently, Cai and colleagues used rs-fMRI to study 22 preterm infants with 10 punctate periventricular white matter lesions identified on T1-and T2-weighted images scanned between 32 and 39 weeks PMA (Cai et al., 2017) . Findings in these infants were compared with those from a matched group of preterm infants without brain injury. Functional connectivity alterations were identified in infants with white matter lesions, most notably between the thalamus and salience network. Similar patterns of reduced connectivity were also observed in a cohort of preterm infants with diffuse white matter injury (He and Parikh, 2015) . In this investigation, RSNs were identified in infants with and without diffuse white matter injury, though reductions in within-network connectivity were observed in executive control and frontoparietal networks in the injured group.
Recent reports suggests these effects persist into adulthood. Two investigations of prematurely-born children, adolescents and adults with spastic diplegic cerebral palsy due to PVL (including 12 and 11 subjects, respectively) demonstrated aberrant motor network connectivity in relation to term-born peers that correlated with severity of motor impairment, though the pattern of identified alterations differed between studies (Burton et al., 2009; Lee et al., 2011) . Another related investigation demonstrated reductions in motor network efficiency and structure-function coupling in 14 prematurely-born individuals with spastic diplegic cerebral palsy due to PVL compared to controls ). An additional study demonstrated reduced cortical activation in response to sensory stimulation in task-based fMRI in 10 children, adolescents and adults with spastic diplegic cerebral palsy (Wingert et al., 2010) . Similar patterns of reduced cortical activation have also been identified using working memory tasks in VPT young adults with a history of perinatal brain injury, including neonatal periventricular hemorrhagic infarction with ventricular dilatation (Froudist-Walsh et al., 2015; Kalpakidou et al., 2014) .
Hypoxic-ischemic encephalopathy
For term-born infants, only a single report has characterized the effects of hypoxic-ischemic encephalopathy on RSNs using rs-fMRI. Tusor and colleagues studied a cohort of 15 infants with HIE who were treated with therapeutic hypothermia (Tusor, 2014) . Infants underwent sedated MRI scans within five weeks of birth. Conventional MRI demonstrated heterogeneous white and gray matter injury across the cohort. In these infants, canonical RSNs, including the auditory, somatomotor, visual and default mode networks, were identified, though they were more likely to be unilateral and/or localized with more limited interhemispheric and long-range intrahemispheric correlations. RSNs differed across each network in comparison to those from a matched cohort of local healthy, term-born control infants. Within this small cohort, outcomes were mixed, with infants with lower neonatal functional connectivity measures having worse outcomes, with relationships differing across RSNs.
Alternative imaging modalities for the study of aberrant functional connectivity
Alternative neuroimaging techniques have similarly been adapted and employed to study functional brain connectivity in infants with brain injury. For example, modalities such as magnetoencephalography (MEG) and electroencephalography (EEG) have been used to assess coherence of electrical activity across cortical regions of the brain in children born preterm (Doesburg et al., 2011; Ye, AuCoin-Power, Taylor and Doesburg, 2016) . Though use of bedside monitoring with EEG in the NICU is common in standard clinical practice, few studies have employed this technique to assess cerebral connectivity in this population. In one study comparing 11 preterm infants without brain injury and 6 preterm infants with IVH, reduced long-range cortical correlation amplitude was observed in preterm infants with IVH compared to those without. The authors further assessed the association between graph theoretical measures during the neonatal period and outcomes at age two years, observing that global clustering coefficient was negatively correlated with neurodevelopmental performance measures. This suggested that infants with diffuse impairment in functional brain networks during infancy, as identified and characterized using EEG, are at increased risk for neurodevelopmental impairment during childhood (Omidvarnia et al., 2015) .
Optical imaging technologies, such as functional near infrared spectroscopy (fNIRS) and diffuse optical tomography (DOT), have also been used to assess connectivity between cortical structures using hemodynamic contrasts (Hebden et al., 2004; Hintz et al., 2001; White et al., 2012) . Critically, these portable imaging technologies can be employed Fig. 6 . Resting state network architecture characterized using a community detection algorithm in an infant with brain injury. A) T 2 -weighted image demonstrating the location and severity of grade IV intraventricular hemorrhage in an individual very preterm infant scanned at term equivalent age. B) Brain networks generated using the Infomap community detection algorithm to cluster rs-fMRI data in the same infant; 200 cortical and subcortical gray matter regions of interest were used for analysis. Displayed are color-coded individual resting state network results on an individual-specific cortical surface identified using a consensus algorithm across an edge density range of 2.5-3.1%. C) The corresponding correlation matrix demonstrating rs-fMRI relationships within and across networks. Note the strong relationships within and across networks based upon anatomic location. Warm colors denote positive correlations and cool colors denote negative correlations.
for serial imaging of the effects of brain injury on functional connectivity at the bedside in the neonatal intensive care unit (NICU) in neonatal populations unable to travel to the MRI scanner due to clinical instability and/or medical equipment required for therapeutic interventions. For example, several DOT studies have assessed bedside functional connectivity in infants with HIE in the NICU receiving therapeutic hypothermia treatment for neuroprotection (Chalia et al., 2016; Hebden et al., 2002; Singh et al., 2014) . These studies demonstrated changes in cortical blood oxygenation levels related to cerebral hemorrhage, high frequency EEG bursts and during seizures identified on EEG. Additionally, DOT has also been used to investigate the deleterious effects of IVH on cerebral oxygenation in preterm infants in the NICU Gibson et al., 2006) , as well as to demonstrate decreased visual network connectivity in a preterm infant following occipital stroke (White et al., 2012) . These portable techniques provide exciting alternative tools enabling lines of novel investigation focused on serial bedside assessment of aberrant brain connectivity related to neonatal brain injury.
Technical challenges of studying infants
Neuroimaging studies of infants are technically demanding, presenting unique challenges related to data acquisition and analysis. Principal among these are selection of radiofrequency (RF) coils and acquisition parameters, correction of signal inhomogeneities, atlas registration procedures and subject state and motion during acquisition. These technical areas have received increasing focus, as they have proven to be critical for leveraging advances in scanner technology and pulse sequence development to optimize data quality, maximize signal-tonoise ratio (SNR) and minimize sources of colored noise which can drive differences identified between populations.
Radiofrequency coils
Across populations, the size and shape of RF coils utilized for MRI data collection impact image quality. Early studies in infants utilized adult head, surface or knee RF coils (Born et al., 1998; Yamada et al., 1997) . This resulted in suboptimal SNR and limited spatial resolution (Souweidane et al., 1999) . Subsequently, RF coils designed for neonatal brain imaging were developed and became commercially available. Use of these age-specific coils resulted in 2-3 fold improvements in SNR (Bluml et al., 2004; Erberich et al., 2003) , and their utilization became increasingly common. Recent studies have begun to employ the current generation of RF coil technology (i.e., 32-and 64-channel head/neck coils) to consistently and comfortably acquire data with high spatial and temporal resolution and low motion in neonates (Glasser et al., 2016; Ugurbil et al., 2013) .
Acquisition parameters
MRI acquisition parameters significantly affect SNR in structural and functional connectivity data, with research suggesting the T 2 * relaxation time constant for fMRI in neonates is longer than adults, requiring a longer echo time (TE) for optimum contrast-to-noise ratio (Rivkin et al., 2004) . Early investigations included noteworthy differences in pulse sequences and spatial resolution (Alcauter et al., 2013; Damaraju et al., 2014; Damaraju et al., 2010; Doria et al., 2010; Fransson et al., 2011; Fransson et al., 2009; Gao et al., 2009; Lee et al., 2012; Lin et al., 2008; Perani et al., 2011; Smyser et al., 2010; Smyser et al., 2013; Smyser et al., 2014) . In one of the few evaluations of acquisition parameters in infants, Lin demonstrated comparable measures in the sensorimotor cortex with a short (0.75 s) versus long repetition time (TR; 2 s) (Lin et al., 2008) . However, the field of view in the short TR scan only covered the sensorimotor cortex. Multiband acquisition techniques now allow shorter TRs and full coverage of the head while providing SNR similar to that of standard echo planar (long TR) sequences (Smith-Collins et al., 2015) . Current studies now seek to define optimal approaches for translating this most recent iteration of pulse sequences into neonatal scanning protocols. Early investigations demonstrate feasibility and reliability in collecting neonatal dMRI and fMRI data with unparalleled spatial (voxel size 2 mm isotropic) and temporal (TR time 1 s) resolution in well-tolerated scanning sessions.
Magnetic field inhomogeneity
Image distortion caused by static magnetic field inhomogeneity is a common problem related to the use of fast image acquisition methods. While these effects are less prevalent in infants than adults, they must be corrected, and multiple approaches are available. One is through collection of an additional imaging data set from each subject to generate a map of the field distortions caused by susceptibility effects (Cusack et al., 2003; Jezzard and Balaban, 1995) . These field maps are used to correct the susceptibility-induced voxel shifts, creating an undistorted image. In a somewhat more efficient approach, an additional image set can be collected in which the phase encode polarity is reversed (Holland et al., 2010) . The opposite phase encoding polarity between the two image sets (i.e., stretch versus compression) can be used to create a single undistorted image set. Finally, an average field map derived from subjects from the same clinical population (e.g., neonates) imaged with the same RF coil and scanner can be employed (Gholipour et al., 2008) . This approach is less desirable than subject-specific options, particularly for infants where differences in field inhomogeneities may exist due to injury. However, it can be applied retrospectively when field maps or reversed phase polarity images were not acquired during collection of the original data.
Subject state and motion
Subject state
Motion is a problematic issue in neuroimaging for all populations, including infants, for whom both training prior to scanning and feedback during data collection are not practical. As a result, at some institutions infants receive sedation for MRI scans (Doria et al., 2010; Fransson et al., 2007) . While this reduces the amount of motion, it can also alter rs-fMRI results (Greicius et al., 2008; Stamatakis et al., 2010; Vincent et al., 2007) . Subsequently, well-established methods for successfully scanning infants without sedation have been increasingly used across centers (Mathur et al., 2008) . These practices and our understanding of the effects of subject state on rs-fMRI data in infants may further evolve with improved characterization of the arousal state of non-sedated subjects. However, this requires simultaneous EEG data collection during scanning. While the technology and procedures for collecting these data are available, combined fMRI-EEG acquisitions have only recently begun in infants (Arichi et al., 2017; Vanhatalo et al., 2014) .
Subject motion
When movement occurs during rs-fMRI data collection, data are affected in a stereotypical manner in which unwanted motion increases local correlations more than distant ones (Power et al., 2012) . As a result, analysis of data with excessive motion makes connections between anatomically approximate regions seem stronger, while making connections between regions anatomically further apart seem weaker. To complicate matters further, regions laterally oriented to one another tend to undergo greater increases in correlation values than those in other orthogonal orientations (Power et al., 2014a,b) . Finally, an even more insidious effect of subject motion is related to the finding that head motion correlates with a number of behavioral, demographic and physiological measures, including intelligence, reading ability, weight and psychiatric diagnostic scales (Siegel et al., 2017) . Consequently, head motion is a potential source of systematic error (bias) in the measurement of relationships between RSNs and behavior. Fortunately, these effects can be minimized through strategies designed to reduce the effects of motion, with frame censoring (Power et al., 2014a,b) and whole brain regression (i.e., the time course of the average signal intensity within the brain) firmly established as critical components of this process (Ciric et al., 2017; Power et al., 2015) . Most recently, approaches have included provision of real-time feedback regarding within run movement and data quality to investigators during acquisition . This can allow data collection in neonates to be extended (or truncated) at the scanner based upon individual subject performance, increasing efficiency and lowering costs.
Motion can also be an issue for dMRI, particularly since the method is intentionally designed to be sensitive to motion on the order of microns. Fortunately, motion effects in diffusion data are conspicuous. In an approach similar to that used for rs-fMRI, dMRI data are frequently obtained with more diffusion encodings than are necessary for the final analysis. Software is then used to detect and reject those diffusionencoded acquisitions corrupted by motion.
Image registration
Image registration represents a unique challenge in infants, particularly in those with brain injury. Spatial normalization to a standardized atlas space provides a common framework for comparison of inter-and intra-individual data, which would otherwise be challenging due to variability in anatomy across individuals. However, the size and cortical folding of the brain vary markedly during early brain development, with cerebral injury introducing further heterogeneity. Thus, it is important to use gestational-age specific atlas targets encompassing narrow postmenstrual periods (i.e., 2-4 weeks) for studies of brain structure and function (Fig. 7A ). Such atlases demonstrate improved image normalization and registration across gray and white matter and cerebrospinal fluid, particularly in infants with brain injury. Increasing numbers of atlases are now available (e.g., www.brain-development.org and sumsdb. wustl.edu). Even with successful atlas registration procedures, it is important to utilize approaches which account for subject-specific alterations in anatomy resulting from brain injury. For example, as a direct or downstream result of cerebral injury, the location of regions of interest for structural and functional connectivity analyses can deviate markedly from those anticipated based upon standard atlas coordinates, altering measured results (Fig. 7B) . These effects, which can be local and/or brain-wide, can be accounted for with methods accommodating individual differences in anatomy (Fig. 7C ).
Challenges in infants with brain injury
In addition to the general technical issues relevant to the study of infants cited above, there are challenges unique to studying this clinical population. Principal among these is timely recruitment, driven in part by the clinical instability of affected infants and the related stressors of the NICU environment for families. These factors pose challenges for participation and collection of neuroimaging data, requiring research teams with substantive experience working with these clinical populations and in this setting. Scanning sessions in this population must typically be coordinated with the NICU teams in the context of the clinical care plan, mandatorily including careful monitoring by trained personnel including NICU nursing staff and/or physicians. This potential for clinical instability can also necessitate modification and/or truncation of scanning protocols based upon subject tolerance of scanning, making collection of sufficient high-quality data for appropriately powered analyses challenging. Further, following successful collection of highquality data, substantive technical challenges related to analysis remain. Driven by the differences in anatomy related to the presence of brain injury, analyses should ideally be performed using data specific to each individual infant whenever possible. For example, employing subject-specific as opposed to mean field maps for magnetic field inhomogeneity correction and accurate individual subject-specific regions of interest and/or surface segmentations for registration and localization of rs-fMRI data. This constellation of challenges requires careful attention across all aspects of study, and these factors have undoubtedly contributed to the relative dearth of literature detailing findings in this high-risk population. Nonetheless, the methods necessary to successfully study infants with brain injury are now increasingly established and can be readily implemented at most institutions, with recent advances leveraging improvements in hardware, scanner technology and analysis methods. Importantly, successful application of these techniques enables collection of high-quality data which will provide unparalleled information regarding interrelated effects of brain injury on structural and functional connectivity.
Conclusions
Early brain development, in which primary motor and sensory systems develop before higher-order cognitive systems, is reflected in both structural and functional connectivity. Network development during the prenatal and early postnatal periods is characterized by a transition from local, proximity-based connectivity patterns to a more integrated topology supportive of higher cognitive function. Early development of these structural and functional networks is susceptible to the harmful effects of brain injury, dependent upon injury type, timing, spatial pattern, location and severity. The resulting differences in these networks may also be Fig. 7 . Methodological considerations for connectivity analyses in infants with brain injury. A) Accurate registration of images and transformation to standard (711-2N) atlas space is feasible for infants with brain injury using age appropriate atlas targets and registration procedures. B) Regions of interest in the bilateral motor cortex identified using standard atlas coordinates with the corresponding correlation map generated using a left motor cortex seed in an infant with cystic periventricular leukomalacia. Note the anterior location of regions of interest in relation to the actual motor cortex bilaterally. C) Individual-specific bilateral motor cortex regions of interest in the same subject accounting for effects of cerebral injury with results from identical correlation analysis. Note the marked qualitative improvement in the motor network result using individual-specific regions of interest. This is also noted on quantitative analysis, with an interhemispheric correlation between regions of interest of 0.35 for the result in B and 0.64 for the result in C. reflected in the association between imaging findings and outcome. The motor and visual impairments that often accompany preterm birth are strongly associated with focal abnormalities on conventional (T 1 -and T 2 -weighted) imaging, which may indicate injury to localized areas of function. However, disorders of higher-order cognitive function (e.g., executive function) are more strongly associated with diffuse and often subtle abnormalities on conventional MR imaging. These more widespread abnormalities may be more likely to disrupt the integrated network topology necessary to support higher-order functions. Recent work in adults suggests that individuals have distinct functional network topography which is susceptible to brain injury (Braga and Buckner, 2017; Gordon et al., 2017) . Related investigation has demonstrated that individual characteristics, such as intelligence, are associated with intrinsic individual-specific functional connectivity motifs (Finn et al., 2015) . Thus, disruptions to the structural and functional connectome described in prematurely-born infants with and without brain injury are highly relevant to their neurodevelopmental outcomes. Similarly, disruption of network architecture following hypoxic-ischemic injury in term-born infants, though less studied, may also directly affect outcomes. However, a direct link between altered structural and functional connectivity patterns and task performance has not yet been demonstrated in these populations. Future research must continue to focus on determining whether such relationships exist and establish their suitability for predicting outcome in infants with brain injury and other high-risk neonatal populations.
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